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Within five different approaches to parton propagation and energy loss in dense matter, a phenomenological study of experimental data on suppression of large pT single inclusive hadrons in heavy-ion collisions at both RHIC and LHC was carried out. The evolution of bulk medium used in the study for parton propagation was given by 2+1D or 3+1D hydrodynamic models which are also constrained by experimental data on bulk hadron spectra. Values for the jet transport parameterq at the center of the most central heavy-ion collisions are extracted or calculated within each model, with parameters for the medium properties that are constrained by experimental data on the hadron suppression factor RAA. For a quark with initial energy of 10 GeV we find that q ≈ 1.2 ± 0.3 GeV 2 /fm at an initial time τ0 = 0.6 fm/c in Au+Au collisions at √ s = 200 GeV/n andq ≈ 1.9 ± 0.7 GeV 2 /fm in Pb+Pb collisions at √ s = 2.76 TeV/n. Compared to earlier studies, these represent significant convergence on values of the extracted jet transport parameter, reflecting recent advances in theory and the availability of new experiment data from the LHC.
I. INTRODUCTION
In the search and study of the quark-gluon plasma (QGP) in high-energy heavy-ion collisions, jet quenching processes play an essential role as hard probes of the properties of dense matter. Because of the hard scales involved, jets are produced in the very early stage of the collisions and their initial production rate can be calculated within perturbative QCD. During their subsequent propagation through the dense medium, interaction between jets and medium will lead to jet energy loss and suppression of final jets and large transverse momentum hadron spectra. Original theoretical studies based on this principle [1] - [17] and collaborative work by the Hard Probes Collaboration on the survey of hard processes in the absence of a hot or dense QCD medium [18, 19] formed the basis for the initial success of the RHIC experimental program on hard probes and the phenomenological studies that ensued.
Since the start of the Relativistic Heavy-ion Collider (RHIC) experimental program, we have seen not only the suppression of single inclusive hadron spectra at large transverse momentum [20, 21] but also of back-to-back high p T dihadron [22] and γ-hadron correlations [23] [24] [25] . The same jet quenching patterns are also observed in the latest heavy-ion collisions at the Large Hadron Collider (LHC) [26] [27] [28] . In addition, one has also observed the predicted suppression of reconstructed jets [29] [30] [31] , as well as increased dijet [32, 33] and γ-jet asymmetry [34, 35] . These observed jet quenching phenomena in heavy-ion collisions at RHIC have been studied within a variety of models [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] that incorporate parton energy loss as jets propagate through dense matter. Though many models can describe the observed jet quenching at RHIC quite well by adjusting parameters, there exist differences in the implementation of parton energy loss in jet quenching models [49] . New data from LHC experiments have lent support to some of these models [50] [51] [52] while challenging others [26, 27, 53] . Even within those models that can describe experimental data, the combined data from experiments at RHIC and LHC provide unprecedented constraints on the medium parameters as probed by jet quenching.
One of the programmatic goals of heavy-ion collisions is to extract important medium properties from phenomenological studies of combined experimental data on a wide variety of jet quenching measurements. This is also one of the goals of the JET Collaboration. As a first step toward this goal we carry out in this paper a survey study of medium properties within some of the existing approaches to medium-induced parton energy loss, using constraints provided by experimental data on suppression of large transverse momentum single inclusive hadron spectra at RHIC and LHC. We will assess five different approaches to parton energy loss: GLV-CUJET, HT-M, HT-BW, MARTINI and McGill-AMY. GLV [54] and its recent CUJET implementation [55] use a potential model for multiple scattering in the medium in which the controlling parameters for energy loss are the strong coupling constant, the Debye screening mass and the density of scattering centers. Within the high-twist (HT) approaches (HT-BW and HT-M) [50, 51] , the jet transport coefficient or averaged transverse momentum squared per unit length is the only medium property that affects the parton energy loss. The MARTINI [56] and McGill-AMY [42] model are based on hard-thermal-loop (HTL) resummed thermal field theory in which the only adjustable parameter is the strong coupling constant. To have a common ground for this survey study, we focus on the jet transport coefficientq for a jet initiated by a light quark as given by each of the parton energy loss models. While in the HT approaches this is a direct fit parameter, in the other approaches it can be computed from the respective fitted model parameters.
Since the energy loss or medium modification of the final hadron spectra depends on the space-time profile of parton density in the medium, any systematic and qualitative extraction of the properties of the medium through phenomenological study of jet quenching has to take into account the dynamical evolution of the bulk matter [57] [58] [59] . For our current study, 2+1D [60] [61] [62] [63] or 3+1D [64] [65] [66] [67] [68] ideal or viscous hydrodynamic simulations provide the most realistic dynamic evolution of the bulk medium available that are constrained by experimental data on bulk hadron production, including charged hadron spectra and their azimuthal anisotropies. Here we use event averaged initial conditions for the bulk matter evolution. Uncertainties in jet quenching calculations as a result of variations in hydrodynamic bulk evolution due to eventby-event initial conditions and associated changes in the value of the shear viscosity are expected to be small once they are constrained by the experimental data on bulk hadron productions in heavy-ion collisions.
Similar efforts to extract values of the jet quenching parameter have been made before [58, 59] but with diverging values from different models varying as much as a factor of 8. Our present work will take advantage of the significant progress in our theoretical understanding and modeling of jet quenching and of the evolving medium created in heavy-ion collisions at RHIC and LHC. For the first time in such a comprehensive study, we evaluate the range of jet transport parameters allowed by the combined experimental data at RHIC and LHC. As we shall see, the availability of new data on heavy-ion collisions at LHC, where higher initial temperature is reached and the range of p T is much larger than at RHIC, allows us to investigate the temperature and jet energy dependence of the jet transport coefficient.
In the remainder of this paper, we will review briefly in Secs. II-VI the five different approaches to parton energy loss employed in this work. We investigate constraints on the jet transport parameter in each model by comparing the calculated suppressions factors for single hadron spectra with the experimental data at RHIC and LHC. We compile these constraints in Sec. VII to provide an upto-date estimate of the jet transport parameter and its temperature dependence within the range that has been reached in the most central Au+Au collisions at RHIC and Pb+Pb collisions at LHC. A summary and discussions are given in Sec. VII.
II. GLV-CUJET MODEL
The GLV model [37, 54] correctly predicted in 2002 the general form of the √ s evolution of the high p T pion nuclear modification factor,
from SPS,RHIC to LHC energies. GLV was generalized to include thermal mass and heavy quark effect in DGLV [69] . However in 2005 PHENIX discovered DGLV significantly under-predicted quenching of charm and bottom quark jets. This led to the WHDG [70] generalization of DGLV [69] theory to check whether quenching effects due to elastic energy loss and more realistic jet path length fluctuations could account for the nonphotonic electron spectrum from heavy quark meson decay data from PHENIX at RHIC. We found that those effects did not solve the "heavy quark jet puzzle". This led to the dynamical generalization of DGLV [71] replacing the GW static color electric scattering center into the Hard Thermal Loop (HTL) weakly coupled Quark Gluon Plasma ansatz. The jet medium interactions with a HTL QGP medium include dynamic color magnetic as well as static color electric interactions. The CUJET1.0 Monte Carlo code was developed at Columbia University as part of the Topical JET Collaboration project. With this code we were able to predict the full jet quenching pattern for both light (π) and heavy flavor (D and B) hadrons at both RHIC and LHC including dynamical DGLV, elastic energy loss, as well as full space+time evolution background of the HTL QGP bulk medium. The CUJET1.0 code featured:
1. a dynamical jet interaction potentials that can interpolate between pure HTL dynamically screened magnetic and static electric screening limits;
2. the ability to calculate high order opacity corrections up to 9th order in opacity;
3. integration over jet path in diffuse nuclear geometries including Bjorken longitudinally expanding HTL QGP;
4. inclusion of local multi-scale running coupling effects for radiative energy loss and flexibility to explore nonperturbative deformations of HTL screening scales;
5. inclusion of running coupling elastic energy loss with fluctuations;
6. convolution over initial jet spectra from pQCD parton models; and 7. convolution over jet fragmentation functions and semileptonic final decay into non-photonic electrons.
CUJET1.0 succeeded in explaining for the first time [55] the anomalous high quenching of non-photonic electrons within a pure HTL QCD paradigm and thus provided a natural solution to the old heavy quark jet puzzle at RHIC as due to enhanced dynamical magnetic scattering effects. It further predicted a novel inversion of the π < D < B flavor ordering of R AA at high p T that can be tested in the future at RHIC and LHC .
One of the surprising [72] LHC discoveries was the similarity between R AA at RHIC and LHC despite the doubling of the initial QGP density from RHIC to LHC. CU-JET1.0 was able to explain this by taking into account the effects due to multi-scale running of the QCD coupling α(Q 2 ) in the DGLV opacity series. At first order in opacity the running coupling rcDGLV induced gluon radiative distribution is given by [73] 
where the effective running differential quark-gluon cross section is
that runs with both q T and the local temperature through µ 2 (τ ) = 4πα s (4T 2 )T 2 , the local HTL color electric Debye screening mass squared in a pure gluonic plasma with local temperature T (τ ) ∝ ρ 1/3 (r, τ ) along the jet path r(τ ) through the plasma.
Here the infrared scale
√ 2 controls the "dead cone" and LPM destructive interference effects due to both the finite quark current mass M , and a asymptotic thermal gluon mass assumed of the form m g = f E µ(T )/ √ 2 mass. The HTL deformation parameters (f E , f M ) are used to vary the electric and magnetic screening scales relative to HTL. In general HTL deformations could also change m g (T ). The default HTL plasma is (1, 0) but we also consider a deformed (2, 2) plasma model motivated by lattice QCD screening data. The vacuum running α s (Q 2 ) = min[α max , 2π/9 log(Q 2 /Λ 2 )] is used which is characterized by a nonperturbative maximum value α max . The parameters (α max , f E , f M ) are therefore the main model control parameters in this study.
The computational task performed via Monte Carlo integration is to evaluate dN g /dx for each (r,n) initial jet production coordinates, convolute the inclusive gluon spectrum via a Poisson ansatz to estimate effects of multi-gluon fluctuation, evaluate the normalized radiation probability, P rad (∆E rad , E 0 ; r,n)) via fast Fourier transform including delta function ∆E/E 0 = 0, 1 end point sigularities. Multiple running coupling elastic energy loss probability, P el (∆E el , E 0 ; r,n)) is computed, and then convoluted P rad ⊗ P el with probability for radiative energy loss. The final total energy loss probability is then folded over the initial parton jet spectrum
and fragments jets into different flavor hadrons or leptons to compare with data.
In CUJET2.0, CUJET1.0 model is coupled to state of the art 2+1 D viscous hydro fields with shear viscosity to entropy density ratio η/s = 0.08 [74, 75] as tabulated by the hydro group within the JET Collaboration. The hydro temperature fields used in CUJET2.0 [76] are thus constrained by thermal and flow fields that fit experimental data on bulk low p T < 2 GeV/c radial and elliptic flow observables. The effects of azimuthally asymmetric radial flowing QGP are then be computed via the CU-JET2.0=rcDGLV+VISH C++ code.
Shown in Fig. 1 are the calculated single hadron suppression factor R AA (p T ) for central Au+Au collisions at RHIC and Pb+Pb collisions at LHC with a range of parameters (α max , f E , f M ) = (α max , 1, 0) as compared to experimental data. The χ 2 /d.o.f from fits to the experimental data as a function of α max are shown in Fig. 2 . The experimental data at RHIC and LHC seems to prefer different values of α max . One can consider the range α max = 0.22 − 0.31 as the systematic uncertainty of the model parameter via fits to experimental data at RHIC and LHC. In the future the sensitivity to varying the running coupling scales will also be investigated.
The physics implications of these solutions can be visualized by computing the effective jet transport coefficient
in an idealized static and homogeneous thermal equilibrium medium. This jet transport coefficientq depends on jet energy E and temperature T variations that also influence the fitted values of α max as well as well as [77, 78] at RHIC and ALICE [27] and CMS data [26] at LHC. electric and magnetic screening mass deformations parameters (f E , f M ). We have found e.g., that the default HTL model (1, 0) has lower χ 2 than the (2, 0) deformed HTL model. We will search in the future for the global minimum χ 2 (α max , f E , f M ) that best fits the combined RHIC and LHC data on the centrality dependence of R AA (p T , b, √ s) and especially the jet elliptic moments v 2 (p T ) which remain especially challenging at this time. 
(Color online) The χ 2 /d.o.f as a function of the model parameter αmax from fitting to the PHENIX data [77, 78] (combined 2008 and 2012 data set) at RHIC and combined ALICE [27] and CMS [26] data at LHC by the CUJET model calculation of the nuclear suppression factor RAA(pT ) as shown in Fig. 1 .
III. HIGHER-TWIST-BERKELEY-WUHAN (HT-BW) MODEL
Within a high-twist approach (HT) [12, 13] , mediummodified quark fragmentation functions are given bỹ
which take a form very similar to the vacuum bremsstrahlung corrections that lead to the evolution equations in pQCD for fragmentation functions, except that the medium modified splitting functions, ∆γ q→qg (z, 2 T ) and ∆γ q→gq (z,
T ) depend on the properties of the medium via the jet transport parameterq in Eq. (4), the average squared transverse momentum broadening per unit length. In the HT approach the jet transport parameter for a quark is related to the gluon distribution density of the medium [6, 80] , function
where, O = (2π)
p|O|p denotes the ensemble average of an operator O in the medium composed of states |p with occupation probability f (p),
T is the average transverse momentum carried by the gluons in |p , and
denotes the density of scattering centers in the matter. The corresponding quark energy loss can be expressed as [57, 79] ,
in terms of the jet transport parameter for a quark jet.
Note that an extra factor of 1 − (1 − z)/2 is included here as compared to that used in Refs. [80, 81] due to corrections beyond the helicity amplitude approximation [79] . According to the definition of jet transport parameter, we can assume it to be proportional to local parton density in a QGP and hadron density in a hadronic gas. Therefore, in a dynamical evolving medium, one can express it in general as [50, 57, 80] 
where ρ QGP is the parton (quarks and gluon) density in an ideal gas at a given temperature, f (τ, r) is the fraction of the hadronic phase at any given space and time,q 0 denotes the jet transport parameter for a quark at the center of the bulk medium in the QGP phase at the initial time τ 0 , p µ is the four momentum of the jet and u µ is the four flow velocity in the collision frame. The hadronic phase of the medium is assumed to be a hadron resonance gas, in which the jet transport parameter is approximated as,q
where ρ M and ρ B are the meson and baryon density in the hadronic resonance gas at a given temperature, respectively, ρ N = n 0 ≈ 0.17 fm −3 is the nucleon density in the center of a large nucleus and the factor 2/3 accounts for the ratio of constituent quark numbers in mesons and baryons. The jet transport parameter for a quark at the center of a large nucleusq N has been studied in deeply inelastic scattering (DIS) [82, 83] . A recently extracted value [81] q N ≈ 0.02 GeV 2 /fm from the HERMES [84] experimental data is used here. All hadron resonances with mass below 1 GeV are considered for the calculation of the hadron density at a given temperature T and zero chemical potential. A full 3+1D ideal hydrodynamics [64, 65] is used to provide the space-time evolution of the local temperature and flow velocity in the bulk medium along the jet propagation path in heavy-ion collisions. The initial highest temperatures T 0 in the center of the most central heavy-ion collisions are set to reproduce the measured charged hadron rapidity density. The [77, 78] at RHIC and ALICE [27] and CMS data [26] at LHC. initial spatial energy density distribution follows that of a Glauber model with Wood-Saxon nuclear distribution. At the initial time τ 0 = 0.6 fm/c, T 0 = 373 and 473 MeV for Au+Au collisions at RHIC and Pb+Pb collisions at LHC, respective.
With the above medium modified fragmentation functions and temperature dependence of the jet transport coefficient, one can calculate the nuclear modification factors and compare to the experimental data as shown in Fig. 3 . From χ 2 fits to experimental data at RHIC and LHC as shown in Fig. 4 , one can extract values of quark jet transport parameterq 0 at the center of the most central A+A collisions at a given initial time τ 0 . Best fits to the combined PHENIX data on neutral pion spectra [77, 78] in 0-5% central Au + Au collisions at √ s = 0.2 TeV/n givesq 0 = 1.20 ± 0.30 GeV 2 /fm (at τ 0 = 0.6 fm/c). Similarly, best fit to the combined ALICE [27] and CMS [26] data on changed hadron spectra in 0-5% central Pb+Pb collisions at √ s = 2.76 TeV/n leads tô q 0 = 2.2 ± 0.5 GeV 2 /fm (at τ 0 = 0.6 fm/c). [77, 78] (combined 2008 and 2012 data set) at RHIC for pT > 5 GeV/c and combined ALICE [27] and CMS [26] data at LHC for pT > 15 GeV/c by the HT-BW model calculation of the nuclear suppression factor RAA(pT ) as shown in Fig. 3 .
The charged hadron pseudo-rapidity density at midrapidity dN ch /dη = 1584±4(stat.)±76(sys.) in the most central 0 − 5% Pb+Pb collisions at √ s = 2.76 TeV/n as measured by ALICE experiment [85] is 2.3 ± 0.24 larger than dN ch /dη = 687 ± 37 for 0-5% Au+Au collisions at √ s = 0.2 TeV/n [86] . Taking into account the difference in nuclear sizes, the ratio of the transverse hadron density in central Pb+Pb at LHC and Au+Au at RHIC is about 2.2 ± 0.23. If one assumes that the jet transport coefficient is proportional to the initial parton density or the transverse density of charged hadron multiplicity in mid-rapidity, this should also be the ratio of the initial jet transport parameters in these collisions at LHC and RHIC, which is very close to the value of 1.83 ± 0.26 one obtains from independent fits to the experimental data at RHIC and LHC on hadron suppression factors.
IV. THE HIGHER-TWIST-MAJUMDER (HT-M) MODEL
Similar to the HT-BW model, HT-M approach [48, 87 ] is a straightforward evaluation of the first power correction to the vacuum evolution of a fragmentation function. It, however, goes beyond the single scattering and includes multiple induced gluon emission through a set of effective modified QCD evolution equations. One calculates the medium modified fragmentation function by evolving an input fragmentation function using a vacuum plus medium modified kernel. As such, the formalism explicitly imbibes the concept of factorization [88] : the initial parton distribution functions are factorized from the hard scattering cross section, these are also factorized from the final fragmentation function. The cross section to produce hadrons at a given transverse momentum p h and in a given rapidity interval y may be expressed as,
In the equation above T AB (b, r) = dzρ A (z, r + b/2) dz ρ B (z , r − b/2), where ρ A/B represents the nuclear density in nucleus A/B. The nuclear parton distribution functions G A (x A , Q 2 ) and G B (x B , Q 2 ) are inclusive of any shadowing corrections. The modified fragmentation functionD contains two contributions: one from vacuum evolution which is contained in the regular DGLAP equations:
(11) The second contribution to the modified fragmentation function is from the medium modified evolution equation [89] ,
In both Eqs. (11) and (12), the splitting function P q→i (y) is the regular Altarelli-Parisi splitting function. The modification from the medium is contained in the factor K q − ,Q 2 (y, ζ). All factors of the medium (such as the transport coefficientsq) are contained within this factor, along with phase factors that arise due to interference between different amplitudes of emission. The contribution to K from the leading power correction is given as,
In the equation above, ζ and ζ i represent the location of scattering and location of origin of the hard parton, respectively. The position (ζ) dependent jet transport coefficient of a gluon,q A (ζ), can be expressed in operator form [90] [91] [92] , similarly as in Eq. (6) except the color factor for a gluon jet C F → C A . Note that theq for a quark scattering off the gluon field is trivially related to the above expression asq F = C F C Aq A . In actual calculations of the nuclear modification factor, one assumesq to scale with some intrinsic quantity in the medium. In the calculations presented in this section,q is assumed to scale with the entropy density s (see Refs. [58, 93] for other scalings assumptions forq): [77, 78] at RHIC and ALICE [27] and CMS data [26] at LHC.
In the equation above, s 0 is the maximum entropy density achieved at an initial time τ 0 in the center of the most central collisions at top RHIC energy. The value ofq =q 0 corresponds to this point. The space-time evolution of the entropy density is given by (2+1)D viscous hydrodynamic model [74, 75] tabulated by the hydro group within the JET Collaboration. These hydro profiles are obtained with MC-KLN initial conditions in which the initial temperature is T 0 = 346 MeV at the center of the most central Au+Au collisions at RHIC ( √ s = 200 GeV/n) and 447 MeV in Pb+Pb collisions at LHC ( √ s = 2.76 TeV/n). In the calculation of the hadron spectra in heavy-ion collisions, the distance integral over K is then sampled over a large number of paths passing through the evolving medium. The starting points of all the paths are obtained by sampling the binary collision profile. The medium averaged length integral over K is then used to calculate the medium modified evolution of the fragmentation function using Eqs. (11) and (12) . Both medium and vacuum evolution equations require an input distribution. This is taken as a vacuum fragmentation function at the input scale of Q 2 0 = p/L, where p = p h /z is the transverse momentum of the parton which fragments to a hadron with transverse momentum p h with a momentum fraction z. Such input vacuum fragmentation functions are evolved according to the vacuum evolution equations from Q 2 0 = 1 GeV 2 . The factor L is the mean escape length of jets of that energy in the medium. The mean escape length is calculated by calculating the maximum length that could be travelled by a parton with an energy p using the single emission formalism of Guo and Wang [12, 13] .
The results presented in the following represent updates of calculations that have appeared in Ref. [51] . The fluid dynamical simulations have be been updated to include a new initial state and averaged over an ensemble of fluctuating initial conditions [62, 63] . Unlike previous calculations, the binary collision profile which determines the distribution of jet origins is also consistently determined by averaging over the same ensemble of initial conditions.
In GeV/c at RHIC and LHC, respectively. Shown in Fig. 6 are the χ 2 distributions as a function of the initial value ofq 0 from fits to the experimental data as in Fig. 5 . The values of the jet transport parameter from the best fits areq 0 = 2.0 ± 0.25 GeV 2 /fm and 2.9 ± 0.6 GeV 2 /fm at RHIC and LHC, respectively.
V. MARTINI MODEL
In the factorized picture, jet production in relativistic heavy ion collisions proceeds in stages. The first stage is the collision of initial state partons. Since the energy and the virtuality of these partons are O( √ s), this stage takes place well before the formation of QGP. The second stage is the propagation of the scattered partons in the produced QGP. In the MARTINI approach of jet quenching [42, 56, 67] , the nuclear initial parton scatterings for jet production are carried out by using PYTHIA-8 on each nucleon-nucleon collision with Glauber geometry. The propagation of jet partons is then carried out by solving the following rate equations using Monte-Carlo methods
where dΓ a bc (p, k)/dk is the a → b + c splitting rate calculated in the full leading order thermal QCD that includes the HTL effects and the LPM effects. All split partons with energy above a threshold (currently set to 4 times the local temperature) are tracked of until the partons fragment outside of QGP. Elastic scatterings are included in a similar way.
In this approach, the properties of the local medium [66] [67] [68] enter through the local temperature and the flow velocity when calculating the rates, and the interaction between the parton and the medium is controlled by the HTL resummed elastic collision rate
where T is the fluid rest frame temperature, g is the coupling constant of the strong interaction and m
is the Debye mass squared. The factor C a is the Casimir of the propagating parton. Hence, the average transverse momentum transfer squared per mean free path,q = q 2 ⊥ /l mfp , is not a primary parameter of the calculation but a derived quantity. In the fluid rest frame, it is given bŷ
where q max is the UV cut-off. In a static medium, it is given byq
where q max ≈ 6ET . This model can describe the suppression of hadron spectra in heavy-ion collisions at RHIC very well with a fixed value of strong coupling constant [56] . For the LHC R AA calculation, it is necessary to include a running coupling constant in the splitting kernel since the kinematic range at the LHC is much wider than that at RHIC. Currently, the coupling constant for the elastic scattering is treated as a constant, however there is no technical difficulty to include the scale dependence. The vertex momentum scale is determined by |k T | = (qk) 1/4 . The rates also includefinite-size effects via a parametrization of the rates derived in [94] .
Shown in Fig. 7 are the calculated single hadron suppression factor R AA (p T ) in central Au+Au collisions at RHIC from Ref. [56] and Pb+Pb collisions at LHC as compared to the experimental data. For Au+Au collisions at RHIC, the best fit to the data within MARTINI is achieved with α s = 0.30. For LHC, the best fit is achieved with α s = 0.25. With these values of strong coupling constant, one can calculate both the temperature and energy dependence of the jet transport coefficient according to Eq. (18).
VI. MCGILL-AMY MODEL
Similar to MARTINI model, the basic scattering and radiation processes in McGill-AMY model are also described by the thermal QCD with HTL effects and LPM interference. However, instead of a full Monte Carlo approach, McGill-AMY employs collinearized interaction rates (integrated over the transverse momentum) and numerically solve the rate equations for parton momentum distributions. These distributions are then convoluted with pQCD cross sections for initial jet production and parton fragmentation functions to give the final hadron spectra in heavy-ion collisions.
In this approach, the evolution of hard jets (quarks and gluons) in the hot QCD medium is obtained by solving a set of rate equations for their momentum distributions f (E, t) = dN (p, t)/dp. The generic form of these rate equations may be written as: [77, 78] at RHIC and combined ALICE [27] and CMS [26] data at LHC. The bulk medium space-time profile is given by (3+1)-dimensional simulations by Nonaka and Bass [66] for Au+Au collisions at RHIC and by the MUSIC 3+1D ideal hydrodynamics calculation [67] for Pb+Pb at LHC.
where dΓ j→a (p, k)/dkdt is the transition rate for the partonic process j → a, with p the initial jet energy and k the energy lost in the process. The energy gain channels are taken into account by the integration for the k < 0 part. The radiative parts of the transition rates are taken from Ref. [15, 95] ; for the collisional parts, the contributions from the drag and the diffusion are included as in Ref. [42, 45] . After solving the above rate equations, the mediummodified fragmentation functionD h/j (z, r ⊥ , φ) for a single partonic jet may be obtained as follows,
where z = p h /p j and z = p h /p j are two momentum fractions, with p h the hadron momentum and p j (p j ) the initial (final) jet momentum; D h/j (z) is the vacuum fragmentation function. P (p j |p j , r ⊥ , φ) represents the probability of obtaining a jet j with momentum p j from a given jet j with momentum p j . It depends on the path taken by the parton and the medium profiles (such as the temperature and flow velocity) along that path, which in turn depend on the production location r ⊥ of the jet, and on its propagation direction φ. For the space-time evolution profiles (energy/entropy density, temperature and flow velocities) of the bulk QGP medium that jets interact with, we employ a (2+1)D viscous hydrodynamics model (VISH2+1) developed by The Ohio State University group [60] [61] [62] [63] , with two-component Glauber model for hydrodynamics initial conditions. The code version and parameter tunings for Pb+Pb collisions at LHC energies are taken as in Ref. [62, 63] . The highest initial temperature in the most central Au+Au collisions at RHIC and Pb+Pb collisions at LHC are T 0 = 378 MeV and 486 MeV, respectively, at an initial time τ 0 = 0.6 fm/c. When the local temperature of the medium drops below the transition temperature of 160 MeV, jets are decoupled from the medium. By convoluting the medium modified fragmentation function with the initial parton momentum distribution as computed from perturbative QCD calculations, one may obtain the hadron spectra:
The above equation contains the average over transverse positions r ⊥ of initial hard jets via the probability distribution function P AB (b, r ⊥ ), which is determined from Glauber model simulation of binary collision distribution. The propagation direction φ may be fixed or averaged over a certain range. Putting all the ingredients together, one obtains the total yield of hadrons produced in relativistic nuclear collisions, which are used to calculate the nuclear modification factor R AA . In the upper panel of Fig. 8 , the calculated suppression factors R AA for central 0-5% collisions at RHIC for different values of the fixed coupling constant α s varies from 0.23 to 0.31 from the top to the bottom, with an increment of 0.1, are compared to the experimental measurements taken from PHENIX Collaboration [77, 78] . The best fit to the experimental data is the thick curve in the middle, with α s = 0.27(+0.02/ − 0.015).
The lower panel of Fig. 8 shows the comparison between the calculated R AA for central 0-5% collisions at the LHC and experimental measurements taken from CMS [26] and ALICE Collaborations [27] . Calculations for different values of the fixed coupling constant α s varies from 0.19 to 0.27 from the top to the bottom, with an increment of 0.1. The best fit to the ex- [77, 78] at RHIC and CMS [26] and ALICE experiment [27] at LHC. For difference curves from the top to the bottom, the values of αs are from 0.23 to 0.31 with an increment of 0.1.
perimental data is the thick curve in the middle, with α s = 0.24(+0.02/ − 0.01).
The above best α s values are obtained from a χ 2 fit, as shown in Fig. 9 . Here the values of χ 2 /d.o.f. are plotted as a function of α s for both RHIC and the LHC. For RHIC we use the data points above 5 GeV/c for both 2008 and 2012 PHENIX data, for the LHC we use both CMS and ALICE data points with a momentum cut of 6 GeV/c.
VII. JET TRANSPORT PARAMETER
In order to compare medium properties extracted from phenomenological studies of jet quenching within different approaches to parton energy loss, we will focus on the value of quark jet transport parameterq either directly extracted or evaluated within each model with the model parameters constrained by the experimental data. As a [77, 78] (combined 2008 and 2012 data set) at RHIC (solid) and combined ALICE [27] and CMS [26] data at LHC (dashed) by the McGill-AMY model calculation of the nuclear suppression factor RAA(pT ) as shown in Fig. 8 .
first step, we will only consider data on the suppression factor of single inclusive hadron spectra R AA (p T ) at both RHIC and LHC. Within each model,q should be a function of both local temperature and jet energy which in turn varies along each jet propagation path. As a gauge of medium properties at its maximum density achieved in heavy-ion collisions, we will consider the value ofq for a quark jet at the center of the most central A+A collisions at an initial time τ 0 when hydrodynamic models are applied for the bulk evolution. For all the hydrodynamic models used in this paper with different approaches of parton energy loss, the initial time is set at τ 0 = 0.6 fm/c with initial temperature T 0 = 346−373 and 447-486 MeV at the center of the most central Au+Au collisions at √ s = 200 GeV/n at RHIC and Pb+Pb collisions at √ s = 2.76 TeV/n at LHC, respectively. Shown in Fig. 10 are the extracted or calculated values forq as a function of the initial temperature for a quark jet with initial energy E = 10 GeV. For the GLV-CUJET model,q is calculated from one set of parameters with HTL screening mass and the maximum value of running coupling α max = 0.28 for temperature up to T = 378 MeV, and for another set with α max = 0.24 for 378 ≤ T ≤ 486 MeV. The difference in α max and the correspondingq in these two temperature regions can be considered part of the theoretical uncertainties.
Similarly, the values ofq from the MARTINI and McGill-AMY models are calculated according to the leading order pQCD HTL formula in Eq. (18) with the two values of α s extracted from comparisons to the experimental data on R AA at RHIC and LHC, respectively. The GLV, MARTINI and McGill-AMY models all assume zero parton energy loss and therefore zeroq in the hadronic phase. In the HT-BW model, the fit to the experimental data givesq = 1.3 ± 0.3 GeV 2 /fm at tem-peratures reached in the most central Au+Au collisions at RHIC, and 2.2±0.5 GeV 2 /fm at temperatures reached in the most central Pb+Pb collisions at LHC. Values ofq in the hadronic phase are assumed to be proportional to the hadron density in a hadron resonance gas model with the normalization in a cold nuclear matter determined by DIS data [81] . Values ofq in the QGP phase are considered proportional to T 3 and the coefficient is determined by fitting to the experimental data on R AA at RHIC and LHC separately. In the HT-M model the procedure is similar except thatq is assumed to be proportional to the local entropy density and its initial value isq = 0.89±0.11 GeV 2 /fm in the center of the most central Au+Au collisions at RHIC, andq = 1.29 ± 0.27 GeV 2 /fm in the most central Pb+Pb collisions at LHC (note that the values ofq extracted in Sec IV are for gluon jets and therefore 9/4 times the corresponding values for quark jets). For temperatures close to and below the QCD phase transition,q is assumed to follow the entropy density, and q/T 3 shown in Fig. 10 is calculated according to the parameterized EOS [96] that is used in the hydrodynamic evolution of the bulk medium. In both HT approaches, no jet energy dependence ofq is considered.
Considering the variation of theq values between the five different models studied here as theoretical uncertainties, one can extract its range of values as constrained by the measured suppression factors of single hadron spectra at RHIC and LHC as follows:
at RHIC, 3.7 ± 1. 4 at LHC, at the highest temperatures reached in the most central Au+Au collisions at RHIC and Pb+Pb collisions at LHC. The corresponding absolute values forq for a 10 GeV quark jet are,
at an initial time τ 0 = 0.6 fm/c. These values are very close to an early estimate [6] and are consistent with LO pQCD estimates, albeit with a somewhat surprisingly small value of the strong coupling constant as obtained in CUJET, MARTINI and McGill-AMY model. The HT models assume thatq is independent of jet energy in this study. CUJET, MARTINI and McGill-AMY model, on the other hand, should have a logarithmic energy dependence on the calculatedq from the kinematic limit on the transverse momentum transfer in each elastic scattering, which also gives the logarithmic temperature dependence as seen in Fig. 10 . As a comparison, we also show in Fig. 10 the value ofq N /T 3 eft in cold nuclei as extracted from jet quenching in DIS [81] . The value ofq N = 0.02 GeV 2 /fm and an effective temperature of an ideal quark gas with 3 quarks within each nucleon at the nucleon density in a large nucleus are used. It is an order of magnitude smaller than that in A+A collisions at RHIC and LHC. There are recent attempts [92, 97] to calculate the jet transport parameter in lattice gauge theories. A recent lattice calculation [97] found that the non-perturbative contribution from soft modes in the collision kernel can double the value of the NLO pQCD result for the jet transport parameter [98] . In the HT models such nonperturbative contributions could be included directly in the overall value ofq. They can also be included in the CUJET, MARTINI and McGill-AMY models by replacing the HTL thermal theory or screened potential model for parton scattering with parameterized collision kernels that include both perturbative and non-perturbative contributions.
One can also compare the above extracted values ofq to other nonperturbative estimates. Using the AdS/CFT correspondence, the jet quenching parameter in a N = 4 supersymmetric Yang-Mills (SYM) plasma at the strong coupling limit can be calculated in leading order (LO) as [99] q
where λ = g 2 SYM N c is the 't Hooft coupling. To compare the SYM results to the extracted values ofq, one should take into account the different number of degrees of freedom in N c = 3 SYM and 3 flavor QCD. Sinceq is approximately proportional to the local entropy density (local gluon number density), one can match the corresponding entropy density to obtain 3T Fig. 10 from model fits to the experimental data on nuclear modification factors at RHIC and LHC.
Next to leading order (NLO) corrections to the above LO result [100] due to world sheet fluctuations suggests,
One then getŝ 
VIII. CONCLUSIONS AND OUTLOOK
We have carried out a survey study on the jet transport parameter extracted or calculated from five different approaches to the parton energy loss in a dense medium whose parameters are constrained by the experimental data on suppression factors of large transverse momentum hadron spectra in high-energy heavyion collisions at both RHIC and LHC. We find that new data from the LHC, combined with data from RHIC and advances in our understudying and modeling of jet quenching and bulk evolution, provide much improved constraints on parton energy models. Compared to earlier efforts [58, 59] , our present study significantly narrows down the variation ofq extracted from different jet quenching models and model implementations. The extracted value is surprisingly consistent with both pQCD and NLO AdS/CFT SYM results. The large range of p T covered by experimental data and the higher temperatures reached in the center of heavy-ion collisions at the LHC also allowed a first investigation of the jet energy and temperature dependence of the jet transport coefficient. This is only a first step toward a systematic study of medium properties with hard probes constrained by the experimental data on a wide variety of observables that should include dihadron and gamma-hadron correlations, single jets, dijets and gamma-jets suppressions, azimuthal asymmetries, modification of jet profile and jet fragmentation functions. All of these studies should be carried out within a realistic model for jet quenching, hadronization and bulk evolution that is also constrained by experimental data on bulk hadron spectra. This will require a full Monte Carlo simulation of the evolving jet shower in the expanding medium. With future precision and complementary complementary high statistics data from RHIC and LHC and theoretical advances in jet quenching and modeling of bulk evolution, it should be possible to further reduce the uncertainties in the determination of the jet transport parameters and to achieve a truly quantitative understanding of the QGP properties in high-energy heavy-ion collisions.
In Fig. 11 , we summarize our current results and in-dicate needed future work by the JET collaboration toward a quantitative mapping of the jet transport parameterq(E, T ) over wider range of jet energy and highest temperatures reached in the center of the most central A+A collisions. Experimental data on nuclear modification factors from lower energy ( √ s = 0.02 − 0.2 TeV/n) at RHIC and future higher energy (5.5 TeV/n) at LHC will likely help to further constrain models of jet-medium interactions. This will require extended effort with both viscous hydrodynamic calculations constrained by bulk observables as well jet quenching calculations for light and heavy quark jets. An important challenging and open problem is to reconcile high p T jet azimuthal multipole moments, v n (p T > 10 GeV/c) with bulk "flow" moments in the p T < 2 GeV/c range. Concurrently, future improvements to theoretical calculations of the jet transport parameter with both perturbative (NLO pQCD) and non-perturbative (lattice QCD and AdS/CET) methods will be required to reduce modeling uncertainties in jet quenching studies within the wide energy and temperature range accesible at RHIC and LHC.
